An atomistic model consistent with a variety of experimental observations is developed for GaN growth by molecular-beam epitaxy. The model is used in Monte Carlo simulation to study the impact of substrate temperature, Ga flux, and V/III (group-V element to group-III element) ratio on growth rate and growth front quality. The growth rate increases with the V/III ratio reaching a saturation value which is determined by the Ga flux. The quality of the growth front improves by using a smaller Ga flux for a fixed temperature and V/III ratio or by reducing the V/III ratio at a given temperature. A consideration of the growth kinetics suggests that GaN grown surfaces are likely to be Ga stabilized. These theoretically estimated trends are evidenced by two-dimensional and three-dimensional growth front contours evaluated under various growth conditions.
I. INTRODUCTION
Gallium nitride (GaN) is one of the most promising wide-band-gap semiconductors for applications in optoelectronic devices in the blue and ultraviolet (UV) wavelengths, and in high-temperature and high-power electronic devices. ' In the past several years, a number of notable advances have been reported in the growth of GaN;Z-5 however, the success of GaN-based electronic and optoelectronic devices has been limited due to the presence of large unintended donor concentrations, the lack of high-quality lattice-matched substrates, and the difficulty in controlling electronic properties. High n-type background carrier concentration is believed to be resulting from native defects commonly thought to be nitrogen vacancies6 The challenge of the growth of highquality GaN can be appreciated by noting the following observations.
(i) The vapor pressure of N, on GaN at 800 "C is close to 1 atm and becomes about 1000 atm at 1200 0C.7 This poses a serious problem in incorporation of N into GaN at high growth temperatures.
(ii) Molecular nitrogen does not chemisorb on GaN due to the strong N-N bond in the N, mo1ecuIe.s Thus atomic N has to be provided or other nitrogen-containing molecules such as NH, have to be used. In contrast in the growth of GaAs, As, is a perfectly suitable molecule for high-quality growth.
The above observations suggest that there are serious contradictory forces at play in the growth of GaN since one needs low growth temperature to suppress N reevaporation and film decomposition during growth, while at the same time a sufficiently high temperature is necessary for dissociative chemisorption of N from its molecular form. Additionally, the growth kinetics involving the surface migration of Ga and N after incorporation may place further restrictions on the growth conditions.
Little is known about the growth mechanisms of this "new" member of the III-V family. This article is motivated by a desire to understand how certain growth conditions control incorporation of nitrogen and eventually to understand the growth mechanism of GaN.
The thermodynamics, kinetics, and the microscopic details of incorporation of atoms play very important roles in controlling the quality of growth. ' To fully understand these important issues, an atomistic understanding of GaN growth must be developed. In this article, a model for nitrogen incorporation in molecular-beam-epitaxy-like (MBE-like) growth of GaN is presented. A theoretical study based on Monte Carlo techniques is carried out. The importance of group-V element to group-III element (V/III) flux ratios, growth temperatures, and Ga flux on the growth quality of GaN are examined. The results obtained appear to be consistent with experimental electron-cyclotron-resonance microwave-plasma-assisted MBE (ECR-MBE) growth data of GaN."
II. THEORETICAL MODEL
A. Monte Carlo approach and application of GaN growth modeling A hrst attempt in simulating the growth of GaN can be made by considering MBE-like conditions. This provides very useful information regarding the growth mechanisms by avoiding at the same time the complexity arising by chemical reactions as, for example, in metal-organic chemical-vapor desorption (MOCVD).
Since molecular nitrogen does not react with gallium under normal MBE-growth conditions, providing atomic nitrogen has been a major issue for this technique. Three approaches have been explored to grow GaN by MBE-like conditions, namely, gas-source MBE (GSMBE),'l ECR-MBE,i' and reactive-ion MBE (RIMBE).s ECR-MBE-like conditions were chosen for our simulations at this stage because of the relatively simple processes involved in this case. In ECR MBE, the ECR source is used to produce the atomic nitrogen and gallium comes from the conventional Knudsen effusion cell. Typical growth conditions" are: Ga fluxes of 3.7X10r4 cmW2 s-'; substrate temperatures of 400-750 "C; and nitrogen partial pressure of -lop4 Torr. The growth rate is about 2.5 pm/min and best crystallinity was achieved around 600 "C. GaN can form crystalline in two phases, namely, wurtzite (a-GaN) and zinc blende (P-GaN). Theoretical calculations predict that the total energies of the GaN wurtzite and zinc-blende phases are nearly equa1.t' The phase formation preference appears to be determined by the nucleation. Thus, the substrate on which GaN is grown has very strong influence on the crystal structure of GaN. The symmetry and the orientation of substrate materials provide a template for the nucleation of the crystal growth. GaN grown on hexagonal substrates has been of wurtzite structure2 while GaN has been grown on cubic substrates of zinc-blende structure. Cubic GaN has been grown on (111) GaAs, (100) GaAs,13 cubic SiC,r4 Mg0,15 and (001) Si.r6 Due to its higher symmetry, ,&GaN is expected to have decreased photon scattering and higher baIlistic electron velocities." Also, P-GaN on GaAs is important due to its potential for devices integrated with other III-V materials. (001) GaAs has therefore been selected as the substrate for the simulation of the growth reported here. The calculated trends are, however, of more general nature and may be employed as general guidelines for understanding GaN growth. The lattice gas model using Monte Carlo techniques has been quite successful in understanding the atomistic nature of the growth of III-V semiconductors," such as GaAs, AlAs, and InAs, and II-VI systems as in HgTe-CdTe.17 With some important modifications discussed below, we follow this formalism for the GaN system.
-
The dynamics of crystal growth from the vapor could be simulated by four basic events: impingement, surface reaction, surface migration, and evaporation. The modulatedbeam studies of MBE-grown GaAs by Arthur" and by Foxon and Joyce" have shown that the impinging atomic Ga is directly adsorbed into a chemisorbed state, binding either with the As or Ga atoms on the surface. By contrast, the impinging Asa' or-,As4 moIecules are physisorbed into a weakly bonded state and retain their molecular nature. We apply these findings, of atomic species being chemisorbed while molecular species being physisorbed on the surface, to the MBE growth of GaN. In Fig. 1 , we show a conceptual picture of the MBE-growth process for GaN. The first important ingredient in the growth is the incorporation of cations. The process of an atom impinging on a vacant site and forming chemical bonds will be called the chemisorption process. During the growth of GaN, the impinging atomic cation is directly absorbed into a chemisorbed state, binding with the anion atoms on the surface. Depending on growth conditions, chemisorbed atoms can then either evaporate or migrate at the surface. again two possibilities for either atom incorporation or evaporation.
The need for, and significant consequences of, the property geometry for incorporation of cations can be readily appreciated by examining the (100) planes of a crystal. The alternating (100) planes are made up of cations or anions only, with atoms in a given plane forming two bonds with the atoms in the plane below and two bonds with the atoms in the plane above. Consequently, it is assumed that a cation can be incorporated into the structure only if it can form two bonds. with the anion layer below. For this to occur, the 'anions have to be arranged in a specific manner. In Fig. Z(a) a cation (C) impinging at the site shown is incorporated into the growing structure, while a cation impinging on the site shown in Fig. 2 (b) cannot be incorporated since the two anions (A) necessary for bonding are not available.
The incorporation process of atomic N is assumed to be similar to that of Ga; however, since the vapor pressure of N is much higher than that of Ga in the normal growth temperatures, one can expect that the incorporation of nitrogen would be more difficult. Due to the volatile property of nitrogen, even though impinging nitrogen is chemisorbed, it still has a very high probability to move around. Once it meets another nitrogen atom, they will form a molecule and evaporate immediately. To ensure incorporation, more bonds have to be formed to trap nitrogen. We discuss more details about nitrogen incorporation after examining the evaporation rates of the elements involved in this process.
After the atoms are chemisorbed in the growing structure, internal energy and the surface kinetic rates for migration and evaporation determine the nature of growth. The following Hamiltonian is used to describe the energetics of the system:
( 1) where ia and ic denote the anion or the cation at the site i; C, nd Ci, denotes the occupations of the sites ia and ic, respectively, and VA,, Vu, and V,, are the bond energies for the nearest-neighbor, second-nearest-neighbor anion, and second-neighbor cation bonds, respectively. The kinetic processes are described by the evaporation and diffusion rates. The evaporation rate Rd is taken to be of an Arrhenius form,
where i is the site for the cation or anion under question; Ro, is a prefactor for evaporation and E&, is the activation energy of the atom in the site i. Migration rates are taken to be in an Arrhenius form as well,
where R,, is a prefactor; EBt is the total energy at site i; A is a parameter that is related to the energy adjustment for a particular migration process, and (E& -A)is the activation barrier for migrations. Since nitrogen atoms have very high probability of migration, the limiting kinetics controlling the growth are the cation (gallium) surface kinetics; a more detailed discussion about this follows later on in Sec. II B. Migration rates were therefore considered only for Ga. Four migration processes were considered: (a) hopping on the same surface layer in a direction which is defined by the intercept of the surface and orbital planes: (b) hopping on the same surface layer in a direction which is perpendicular to the intercept line of the surface and orbital planes; (c) hopping to the lower layer; (d) hopping to the upper layer. The energy barrier for hopping to occur by mechanism (a) is equal to breaking half of its bonds with the atoms in the layers below it. The energy barriers for other hopping -are equal to breaking 314 bonds. Figure 3 shows interlayer and interlayer hopping, where El1 and E, are the energy adjustment for the intralayer and interlayer hopping, respectively. The bond energies necessary for the above energy barrier evaluation can be estimated using the activation energy barrier estimated from vapor pressure, versus l/T data of Ga over GaN. Since the vapor pressure data of Ga over GaN are not available, scaling based on the ratio of the atomization energies of GaN and GaAs is used to approximate the bond energies of Ga-N and Ga-Ga.
For GaAs," the bond energy values are Voa-As=0.8 eV, VGamGa= 0.17 eV.
The atomization energy value? are: -157.8 kpm (kilocalorie per mole) and -200.9 kpm for GaAs and Gay, respectively. The scaled bond energies, VAc and V,,-, for GaN can consequently be approximated to be VGamN= 1.02 eV, VGaeGa= 0.22 eV.
The gallium evaporation energy Eevap of Eq. (2) is assumed to be equal to the total bond energy of a kink site Et,, . The kink site is defined as a site at a step edge where an atom has two nearest-and six second-nearest-neighbor bonds established, The prefactor R$of Eq. (2) is approximated to be equal to that of GaAs, namely, Rzz = 8 X-1013 s-l for Ga atoms.20
The evaluation rate R:for the nitrogen anion was determined using the vapor pressure versus temperature data by KarpinskL2" This can be expressed as follows: R~=1.35X1~02" e.xp(-3.17/kBT).
The bond energy V, between second-neighbor nitrogen atoms is chosen to be V,+=O.18 eV The prefactor Rod of hopping is controlled by the phonon frequency and represents the attempt frequency for the hop. It is known that for atoms the value of Rod can vary anywhere from lo5 to lOi s-l. There have been a few attempts to measure Rnd for Ga atoms on GaAs using a masked growth techniqueU and reflection high-energy electron diffraction @HEED) studies.24 These suggested that Ga atoms can move over about 2000 A in the absence of As overpressure. Furthermore, vapor pressure studies of GaN show nitrogen evaporation in molecular form and a much higher vapor pressure of nitrogen over GaN than for Ga over GaN. As a result, a higher surface migration rate can be expected for the nitrogen atoms compared with Ga. Based on the above information and the results of GaAs growth simulations, the values of 3.5X10r" s-l and 3XlO'l s-r were chosen for Ga and N, respectively, in this simulation. Tables I and II show our estimated migration (hops/s) and evaporation rates (atoms/s) for Ga and evaporation rates (atoms/s) for N atoms on the surface at different substrate temperature. In these tables the argument (m,n) represents a configuration with m nearest neighbors and n second-nearest neighbors. In conventional Monte Carlo methods,g the kinetic processes of the growth are treated as individual random events. A probability distribution function is established to describe the probability of each event happening. A random number is then generated to compare with the distribution function, and to decide which event happens. The kinetic rates developed previously are used to construct the probtibility distribution function. As one can see from Table II , the nitrogen evaporation rates become extremely large at high temperatures. For example, at the usually employed ECR-MBE-growth temperature for GaN of -600 "C, the evaporation rates of nitrogen are four order of magnitude higher than the maximum values of the other major kinetic processes such as Ga migration and evaporation. This feature not only causes ex-* perimental difficulties, but also creates a special problem in computer simulation. Due to the high evaporation and migration rates of nitrogen, it is required to study more than 1O1' events to simulate the growth of 10 monolayers of GaN for a 30X30 site area if conventional Monte Carlo approaches are used. This makes it prohibitively long for practical simulations. Also this indicates the growth mechanism of GaN may be different from that of the conventional III-V materials such as GA. The new model has to be developed for the simulation of GaN.
B. Specific modeling issues related to GaN growth
As one can see from Tables I and II , there is a large difference between the evaporation rates for Ga and N at similar temperatures. Since the nitrogen evaporation rate is extremely high particularly at the high temperature usually required for growth, the residence time of a nitrogen atom is then much smaller than that of Ga. Furthermore, experimental evidence from growth of GaN indicates that the sticking coefficient of Ga is small (0.25) but not zero, and any attempt to increase the Ga flux leads to a Ga-rich film.= -An important point that emerges from these results is that the growing surface of GaN may very likely be cation stabilized. This would then result in nonstoichiometric GaN film~which could account for the often observed high unintended carrier concentrations. Furthermore, the incorporation of Ga appears to be limited by the supply of nitrogen radicals at the growth surface. It could consequently be expected that the incorporation of Ga and N are related. Accordingly, a tentative model for N incorporation could be drawn and is discussed below.
N and Ga incorporation model
A conceptual picture of N incorporation is shown in Fig.  4 . When the nitrogen atom impinges, it could reach thermodynamic equilibrium with the surface in a short tine. During the residence time of the absorbed nitrogen atom, only if at the same time a Ga atom comes to its top, and forms a bond which "traps" the nitrogen atom, would the nitrogen atom be incorporated; otherwise the nitrogen atom would reevaporate very rapidly. As a result, a tetrahedral binding structure would be formed in the [loo] direction, where each Ga traps two nitrogen atoms. Another possibility would of course be N incorporation by the formation of surface N-N bonds. These are, however, much weaker than the Ga-N bonds and it is therefore the latter that are favored. Overall we can consequently visualize this as a process where Ga keeps the N down on the surface.
Let us next examine the incorporation probability of nitrogen since it is crucial for increasing the efficiency of GaN growth simulation. The residence time of impinging nitrogen atoms is reversely proportional to the evaporation rate. The higher the evaporation rate, the shorter the residence time, and the smaller the probability that a nitrogen atom would be trapped. In addition, the more nitrogen atoms impinge, the higher are the chances for the nitrogen atoms to meet gallium atoms, and consequently the probability that they could be trapped by gallium atoms increases. The incorporation of nitrogen can consequently be described by a surface site occupation probability function P,{E,,,). It will depend on both the site residence time and the available flux. For each of the growing sites i, this is defined through thermodynamics by (8) where J, is the nitrogen flux and R, (E,,,) is the evaporation " rate for the site with energy Etot , For the site under question for which the probability of N incorporation is evaluated, a random number is then generated. This is then used to describe whether the N atom is incorporated during the chemisorption of a Ga atom; N was considered to be incorporated only if P, was larger than the random generated number.
Pd-&,tj =JriIU&,tL
Ga incorporation depends on the availability of two nitrogen atoms on the surface. The formation of two bonds between the Ga and the two N atoms ensures Ga incorporation. Thus incorporation is limited by the supply of nitrogen radicals at the grown surface. The nitrogen incorporation probability function was thus used to evaluate the Ga incorporation.
The above probability function was also used to evaluate Ga migration. Since Ga forms two bonds with the N atoms of the layer below it, migration of Ga requires that two such bonds are available at the site which it will move to. To estimate this availability we employed the probability function of Eq. (8).
From Eq. (8), P&Z,,,) is inversely proportional to the evaporation rate R,(E& for given JN . As we can see in Eq. (l), Etot depends on the local environment, that is, the number of bonds that nitrogen can form. The more bonds the nitrogen can form, the larger the incorporation probability is for nitrogen. Table II shows clearly that N atoms have a high probability of being incorporated at sites where they have strong bonding, e.g., the (2,6) or (2,7) kink-type surface site for the (100) growth. The bonding nature of the growing surface depends very much on the surface quality in terms of smoothness. As can be imagined physically, a smooth surface will primarily have exposed sites with very low energy, i.e., (2,4) site types. On the other hand, a rough surface is expected to have a large concentration of kink-type surface sites [i.e., (2,6) site types]. The implication of these results is that sample misorientation and surface preparation (polishing, chemical etching, thermal heating, buffer layer growth) play major roles in the incorporation of N atoms during nucleation and growth of GaN.
Surface stabilization and antisite defects
Since the sticking coefficients of Ga over Ga, Ga over N, N over Ga, and N over N are unknown for the GaN system, we can only speculate their values by considering experimental results available for GaAs. In particular one can consider that the sticking coefficient of Ga over N and N over Ga are unity and that the sticking coefficient of Ga over Ga is not zero. The N over N sticking coefficient was also considered different than zero since one normally deals in GaN growth with at0mic.N; unlike molecular N, i.e., Na, atomic N reacts easily and the sticking coefficient can be thought to be different than zero. This contrasts GaAs growth where the As over As sticking coefficient is zero due to the presence of molecular AsZ. Since the growing surface of GaN is likely to be cation stabilized and Ga-to-Ga bonds can be present, the Gang films could be nonstoichiometric with antisite defects. The latter could also account for the often observed high unintentional carrier concentrations. Antisite defects may also originate by another reason, namely a nonzero N-to-N sticking coefficient. In such a case GaN growth will differ considerably from traditional III-V growth. In the case of GaAs growth, Asa over As has, for example, a sticking coefficient of zero. The zero sticking coefficient of As2 permits consequently high V/III ratios without the risk of antisite defect creation which seems to occur in GaN.
Based on the above considerations, a special Monte Carlo simulation was carried out. A simplified flowchart is shown in Fig. 5 . A 30X30 site area with periodic condition is chosen for the simulation and the results obtained are discussed in the following section. Sun workstations were used for the simulation. The computing time depends on the substrate temperature chosen for the simulation. (a) A. Impact of N/Ga flux ratio on the growth rate 0.8 First, the relation between the growth rate and V/III ratio, as well as the substrate temperature, was evaluated. From  Fig. 6 one can see that the growth rate increases with the V/III ratio, reaching a saturation value which is determined by the Ga flux and is independent of temperature. The V/III ratio at which this saturation value is reached is determined by the substrate temperature. Furthermore, since the growth rate is determined by the Ga flux (see Sec. III D, Fig. 13 ), an increase of V/III ratio is accompanied by an enhancement in the Ga incorporation. Figure 6 also shows that a critical V/III ratio is required at each growth temperature for the growth rate to become significant. Here, qn is the number of atoms contained in the nth layer. Similarly, qtot is the number of atoms contained in all the grown layers; this refers to all layers completed and uncompleted from the point of view of growth. Thus, dq,/dq,,, represents the ratio of the additional incorporated atoms in the nth layer with respect to the total incorporated atoms within a time interval dt. The significance of the dq,,/dqtot ratio is in fact very similar to that obtained from RHEED oscillations, "Smooth" growth takes place when layer-to-layer growth occurs. In case of true layer-by-layer growth, the growth front as shown in Fig.  7 should show no overlap between successive layers n. It is obvious that the larger the overlap, the rougher the growth front is, and that eventually at extreme cases a threedimensional front will be observed. As one can see, at a given V/III flux ratio and gallium flux, the growth front is better at higher temperatures where surface mirgration is high. Surface atoms move then rapidly to kink sites and edge steps and growth takes place by a layer-by-layer mechanism. The accompanying increased evaporation rate of Ga at high temperatures does not in this case play an important role since migration is the dominant mechanism. In other words, the high surface migration occurring at elevated temperatures improves the quality of the growth front. Figures B(a) and B(b) show the contour and threedimensional (3D) plot of the growth front at 400 "C; Figs. 9(a) and 9(b) show similar plots at 500 "C. The legend on the side in each figure indicates the number of monolayers of the growth front. As one sees, the growth front is 3 monolayers (ML) at 500 "C, and 4 ML at 400 "C. This clearly suggests that the growth front is improved as the temperature is increased; however, as the temperature increases, the growth rate decreases rapidly. Furthermore, as the temperature goes beyond a certain point, entropy-controlled effects will cause a poor quality of film due to high defect densities. From this point of view one can say that there is a temperature "window" in which a good growth front can be obtained with reasonably high growth rates. As one sees, the growth front becomes rougher at high V/III ratios. The growth front of the V/III= 1000 case corresponds to 3 ML, a situation which is close to a layer-by-layer growth mechanism. When the V/III ratio increases to, say, 10 000, the growth front corresponds to 6 ML. The growth rate is about 2 s/ML for the V/III= 10 000 case, and becomes 5 s/ML for the V/III= 1000 case. Low V/III ratio corresponds to the good growth front; however, if the V/III ratio is too low, the growth rate becomes too low for practical applications.
III. RESULTS OF GROWTH SIMULATION AND DISCUSSION
The larger growth rate at high V/III ratios can be understood by the model described in Sec. II. One could see in that section that an increase of group-V atoms increases the probability of nitrogen to meet gallium atoms and be trapped by them. The degradation of growth front at high V/III ratios can be explained as follows. As we have seen, the increasing of V/III ratio results in increased incorporation of gallium and nitrogen. In this condition, the growth may happen at free sites, which leads to forming island structures. As a result, the growth becomes 3D and the growth front become rougher. Simulations of the dependence of growth rate on Ga flux were made at a constant temperature of 600 "C. The results are given in Fig. 13 which shows that the growth rate is dependent on the Ga flux. As the Ga 0ux increases the growth rate increases; however, as the Ga flux increases, the growth front becomes rougher. From Figs. 14(a) and 14(b) the growth front takes 4 ML at a Ga flux of 0.6161/s, but takes 6 ML at a Ga flux of 3.08 atoms/s. This indicates that as the gallium incorporation increases, 3D growth starts taking place as explained earlier on in Sec. III C. growth front, but the lower the growth rate. There is a temperature window in which a good growth front can be obtained with reasonably high growth rates. Improvement of the quality of growth front may be obtained by using external sources (other than substrate temperature) such as light and ions to enhance the Ga surface kinetics. As-grown GaN may be associated with a cation stabilized surface. This could account for the high intrinsic carrier concentration ofThe impact of N flux was finally discussed in Sec. III C where the role of the V/L11 ratio was examined. The results indicate that for given Ga flux, the higher the N flux is, the rougher the growth front. ten observed in this material. Nitrogen incorporation occurs preferabIy at the kink sites (sites near step edges). Sample orientation and surface preparation would play an important role in the incorporation of nitrogen in the growth of GaN. Experimental verification of the suggested Ga-stabilized surface conditions would shed the light on the growth mechanisms of GaN.
IV. CONCLUSIONS

